Fungi, like many other organisms, rely on antioxidant defense mechanisms for protection against oxidative damage. These antioxidant defense mechanisms have evolved as a result of several factors, including adaptation to growth in aerobic environments, utilization of oxidative phosphorylation for energy production, and protection against exogenous oxidants encountered in the environment. A prerequisite for the success of human pathogenic fungi is their ability to defend against reactive oxygen species (ROS) elicited by host effector cells during the course of an infection. Catalase contributes to the pathogenesis of several human and plant pathogens, including Campylobacter jejuni, Mycobacterium tuberculosis, and Agrobacterium tumefaciens (9, 32, 57) , and there has been much interest in ascertaining whether catalase provides a similar protective function to pathogenic fungi.
Cryptococcus neoformans is an opportunistic fungal pathogen and a well-established model organism utilized for the study of mechanisms that contribute to fungal pathogenesis (38) . The initial host defense against infection by C. neoformans is mediated by alveolar macrophages, which contribute to the mobilization of a cellular immune response (16) . Alveolar macrophages also appear to provide a unique niche for C. neoformans cells, which can survive within these immune cells (14, 15, 29, 30, 42, 50) . This observation implies that C. neoformans can survive within the harsh environment of the phagolysosome, suggesting the presence of an antioxidant defense system that is capable of providing protection against host-derived ROS. Consistent with this hypothesis, several studies have demonstrated a correlation between virulence and the ability of C. neoformans strains to resist oxidative stress in vitro (2, 6, 56) . For example, ROS elicited by human polymorphonuclear neutrophils have been shown to kill C. neoformans (10) . Furthermore, polymorphonuclear neutrophils and mononuclear cells from patients with chronic granulomatous disease, in which NADPH oxidase activity is defective, exhibited minimal fungicidal activity against C. neoformans (34) . Cumulatively, the results of these studies suggest that the survival of C. neoformans in the host environment is dependent in part on its ability to defend against damage by host-derived ROS.
Several recent studies have greatly expanded our understanding of the contribution of the enzymatic constituents of the C. neoformans antioxidant defense system to protect against oxidative damage. We have demonstrated in vitro that the C. neoformans cytosolic copper-zinc superoxide dismutase (Sod1) (6) , mitochondrial manganese superoxide dismutase (Sod2) (19) , cytochrome c peroxidase (Ccp1) (20) , and alternative oxidase (Aox1) (2) contribute to resistance against oxidative stress. Aox1 and Sod1 also contribute to the pathogenesis of C. neoformans, and aox1 and sod1 null strains have exhibited diminished virulence in a murine cryptococcosis inhalation model (2, 6) . Interestingly, we found that Sod2 is essential for high-temperature growth (37°C), demonstrating an important link between the regulation of endogenously produced ROS and adaptation to host environmental conditions (19) . Narasipura et al. demonstrated that Sod1 and Sod2 exhibited similar antioxidant functions in C. neoformans var. gattii (40, 41) , which can cause disease in immunocompetent individuals (17) . Missall et al. demonstrated that TSA1, one of three C. neoformans thiol peroxidase genes, and the glutathione peroxidase genes GPX1 and GPX2 contribute to protection against oxidative stress in vitro (36, 37) . In addition, TSA1 has contributed to virulence in a murine model of cryptococcosis (36, 37) . The results of these studies suggest that the C. neoformans antioxidant system is composed of several functionally overlapping and compensatory components that provide protection against endogenous and exogenous oxidative stresses.
In the present study, we sought to elucidate the contribution of catalase to the C. neoformans antioxidant defense system. We employed bioinformatics techniques to identify four members of the C. neoformans catalase gene family, the largest antioxidant gene family thus far identified for C. neoformans. We then utilized a molecular genetics approach to construct a series of mutants lacking single or multiple catalase genes. We hypothesized that the catalases might contribute to resistance against oxidative stress via one of two models: the activities of individual catalases might contribute to resistance against oxidative stress independently, or the catalase gene family members might function cooperatively. In addition, the virulence potential of the strains lacking catalase was assessed in a murine model of cryptococcosis.
MATERIALS AND METHODS

Strains and media.
Cryptococcus neoformans strains H99 (serotype A, mating type ␣) and H99R were recovered from 15% glycerol stocks stored at Ϫ80°C prior to use in this study. H99R is a spontaneous ura5 auxotroph isolated by plating strain H99 on 5-fluoroorotic agar as described previously (20, 28) . Transformants were selected on synthetic complete medium without uracil and maintained on yeast extract-peptone-dextrose (YPD; 1% yeast extract, 2% peptone, and 2% dextrose) agar. Dopamine agar and Christensen's broth were made as described previously (28) . Prior to their use in the mouse studies, the yeast strains were grown for 18 to 20 h at 30°C with shaking in YPD broth and then harvested, washed three times with sterile phosphate-buffered saline, and counted with a hemacytometer to determine the cell number. The inoculum sizes for mouse experiments were confirmed by plating dilutions of cells on YPD agar plates. The growth rate for each strain was quantified by determining the numbers of CFU at specified time points.
Identification of C. neoformans catalase genes. (18) were obtained from the Fungal Genome Initiative at the Broad Institute (http://www.broad.mit.edu/annotation/fungi/fgi). Sequence data for A. fumigatus were obtained from The Institute for Genomic Research website (http://www.tigr.org). Genome sequence data for C. cinereus and U. maydis were obtained from the Fungal Genome Initiative at the Broad Institute (http://www .broad.mit.edu/annotation/fungi/fgi/). Genome sequence data for P. anserina were obtained from the Podospora anserina Genome Project (http://podospora .igmors.u-psud.fr/).
The protein sequences corresponding to these homologous genes were aligned using MUSCLE (12) . The resulting multiple sequence alignment was used as input into the ProtML program part of the MOLPHY software package (http: //bioweb.pasteur.fr/seqanal/interfaces/MolPhy.html) (1) . Perl scripts using the Bioperl package (49) were used to convert the data into suitable formats for the phylogenetic analysis programs and to generate summary reports about the data.
The catalase homologs were also analyzed with the HMMER package (11) and the Pfam database (4) to identify protein domains encoded by the sequences. Pair-wise alignments of the catalases to produce both global and local alignments were performed with the "needle" and "water" applications, respectively, which are parts of the EMBOSS toolkit (46) . Construction of catalase mutant strains. Deletion constructs for each of the C. neoformans catalases were created (Fig. 2 ) by overlap PCR as described previously (8) . Each linear overlap PCR construct contained a genomic sequence that 
a Primers were used for creating deletion constructs by overlap PCR (A), catalase transcript detection (B), and probes for Southern blot analysis (C).
flanked the 5Ј and 3Ј regions of the respective catalase open reading frame and URA5 from the serotype D strain B3501 (53) or the nourseothricin (nat) selectable marker (22) . The primer sequences used to generate each of the overlap constructs are listed in Table 1 . The overlap PCR constructs were used to transform either ura5 auxotrophic strain H99R or wild-type strain H99 using biolistic DNA delivery, as described previously (51) . Transformants were selected on synthetic medium lacking uracil or YPD medium containing nourseothricin (100 g/ml), and mutants were identified by colony PCR.
Deletion of the native catalase alleles was confirmed by Southern blot analysis. Genomic DNA was isolated from the cat1, cat2, cat3, and cat4 mutant strains and wild-type strain H99 as described previously (47) . Restriction digestion, gel electrophoresis, DNA transfer, prehybridization, hybridization, and autoradiography were performed as described previously (47) . The primers listed in Table 1 were used to generate probes that hybridized near the 5Ј or 3Ј region of the appropriate catalase open reading frame. A random-primed DNA labeling kit (Boehringer Mannheim) and [ 32 P]dCTP (Amersham) were used to label the probe. Total RNA was isolated from C. neoformans strain H99 using TRIzol reagent (Life Technologies). cDNA was generated from total RNA using a SuperScript first-strand synthesis system for reverse transcription-PCR (Invitrogen). PCRs were performed with gene-specific primers to detect CAT1, CAT2, CAT3, and CAT4 transcripts.
Genetic crosses. To generate MATa catalase mutant strains (Table 2) , each MAT␣ catalase mutant strain was crossed with JF99a (MATa ura5), generating strains SG54 (MATa cat1::URA5 ura5), strain SG55 (MATa cat2::NAT ura5), strain SG56 (MATa cat3::URA5 ura5), and strain SG57 (MATa cat4::URA5 ura5). Strain SG58 (MAT␣ cat1::URA5 cat2::NAT ura5) was generated by crossing strain SG50 (MAT␣ cat1::URA5 ura5) with strain SG55 (MATa cat2::NAT ura5). Strain SG59 (MATa cat3::URA5 cat4::URA5 ura5) was generated by crossing strain SG52 (MAT␣ cat3::URA5 ura5) with strain SG57 (MATa cat4::URA5 ura5). To generate a quadruple catalase mutant strain, strain SG58 (MAT␣ cat1::URA5 cat2::NAT ura5) was crossed with strain 59 (MATa cat3::URA5 cat4::URA5 ura5). Over 20 viable spores were analyzed, and no quadruple mutants were generated. However, a MAT␣ cat1::URA5 cat2::NAT cat3::URA5 ura5 mutant strain (SG60) was identified. This mutant strain was used to generate a MAT␣ cat1::URA5 cat2::NAT cat3::URA5 cat4::NEO ura5 quadruple mutant strain (SG61) by deletion of the CAT4 gene by biolistic transformation. For each cross, strains were cocultured on V8 agar medium for 14 to 28 days until basidiospores were produced. The basidiospores were dissected by micromanipulation onto YPD agar medium and allowed to germinate at 25°C. The resulting colonies were replicated onto SD-Ura (synthetic dextrose), YPD-NAT (natamycin at 0. mg/ml), and YPD-NEO (neomycin at 0.2 mg/ml), media to monitor the segregation of the ura5 and the catalase mutant alleles. The genotype of each strain was confirmed by PCR or Southern blot analysis or both.
Oxidative-stress phenotype. Sensitivity to exogenous and endogenous oxidative stress was assessed by a disc diffusion assay and by growth on yeast nitrogen base medium supplemented with various fatty acids as the sole carbon source, respectively. For disc diffusion assays, cat1, cat2, cat3, and cat4 mutant strains and wild-type strain H99 were grown on YPD medium at 30°C overnight with shaking, washed with sterile phosphate-buffered saline, and diluted in fresh YPD medium to an optical density at 600 nm of 0.2 (Bio-Rad Smart Spec 3100). Each strain was then diluted 1:10 in molten YPD agar medium, and media were poured into plates and allowed to solidify. Sterile paper discs (6-mm diameter) saturated with 10 l of either 8% or 16% H 2 O 2 were added to the center of each plate. The plates were incubated at 30°C or 37°C for 48 h and then photographed, and the diameter of each zone of inhibition was determined. Results were confirmed by determining the number of CFU by using a liquid culture method. Experiments were repeated a minimum of three times.
Catalase activity assay. cat1, cat2, cat3, and cat4 mutant strains and wild-type strain H99 were grown in YPD medium at 30°C, collected by centrifugation, and lysed by glass bead disruption. A protease inhibitor (P8340; Sigma) was used to prevent degradation of the catalase polypeptides. Cell lysates (20 g protein/ lane) were separated by native gel electrophoresis (10% Tris-HCl Criterion ready-cast gels; Bio-Rad), and proteins with catalase activity were visualized by ferricyanide staining as described previously (54) . Briefly, the gels were soaked in 0.01% hydrogen peroxide for 10 min with gentle shaking. They were then stained with a solution of potassium ferricyanide (1.0%, wt/vol) and ferric chloride (1.0%, wt/vol) until bands were visible, usually within 5 or 10 min. The gels were destained in distilled water overnight and photographed.
In vivo testing. Female A/Jcr mice (NCI/Charles River Laboratories; 20 to 24 g each) were used to compare the virulence of the cat1 and cat1 cat2 cat3 cat4 mutant strains to that of wild-type strain H99. Groups consisting of 10 A/Jcr mice each were infected via intranasal inhalation with 5 ϫ 10 5 CFU of either catalase mutant strains (cat1 or cat1 cat2 cat3 cat4) or wild-type strain H99 (in a volume of 50 l). Mice that appeared lethargic or exhibited rapid weight loss were euthanized. Mice were monitored twice daily. The Duke University Animal Use Committee approved the animal protocol used for these experiments. The Mann-Whitney U test was used to evaluate survival data for statistical significance.
Nucleotide sequence accession numbers. The C. neoformans var. grubii CAT1, CAT2, CAT3, and CAT4 sequences have been submitted to GenBank and assigned accession numbers DQ468109, DQ468110, DQ468111, and DQ468112, respectively.
RESULTS
Identification of catalase homologs. The newly available genomic DNA sequence for the C. neoformans serotype A strain H99 (Duke University C. neoformans H99 genome database; http://cneo.genetics.duke.edu/) allowed us to utilize bioinformatics techniques to rapidly identify C. neoformans catalase homologs. TBLASTN analyses of the C. neoformans serotype A strain H99 genome sequence database (Duke University C. neoformans H99 genome database; http://cneo .genetics.duke.edu/) were performed using two Saccharomyces cerevisiae catalase protein sequences (Ctt1p and Cta1p) as the queries. Four C. neoformans catalase genes were identified, each with a highly conserved catalase domain, and named CAT1, CAT2, CAT3, and CAT4. One of these genes, CAT3, is located on chromosome 1, while the rest are located on chromosome 4, within 700 kb of each other. We determined the coding sequences for each of the catalases by comparing cDNA (Oklahoma University Cryptococcus neoformans cDNA Sequence analysis of the C. neoformans catalases. After obtaining the predicted protein sequences of the four C. neoformans catalases, we analyzed the sequences for conserved protein domains using the hmmpfam (http://pfam.wustl.edu/) tool. We searched the proteins against the Pfam database of conserved protein domains for significantly similar sequence matches. The analysis revealed the expected conserved catalase domains, and in addition, the Cat1 and Cat3 catalases contained a DJ-1/PfpI family domain, to which is ascribed several putative functions, including transcriptional regulation. Table 3 shows the average percentages of identity and similarity of pair-wise alignments of the four C. neoformans serotype A H99 catalases.
We performed a phylogenetic analysis of multiple fungal catalases, revealing four clades, consistent with previous findings (24, 27) : clades P (peroxisomal catalases), C (cytoplasmic catalases), A (spore-specific catalases), and B (secreted catalases) (Fig. 1) . The animal, plant, protist, archaeal, and bacterial homologs of these catalases cluster into distinct groups relative to the fungal catalases. This analysis revealed a single catalase form in animals and at least two different bacterial forms. The phylogenetic analysis revealed multiple copies of catalase genes for most fungal species, with several deeply branching clades. However, a few hemiascomycete yeasts such as Ashbya gossypii and Candida albicans have retained only a single catalase gene. Interestingly, translated database searches and searches of the predicted protein sets of the basidiomycete Ustilago maydis revealed that this fungus did not possess any identifiable catalases. Clade A contains only euascomycete and basidiomycete genes, including C. neoformans CAT1 and CAT3, and the proteins encoded by them are distinguished by having a strong similarity to the catalase-related and DJ-1/PfpI (Pfam; PF0165) domains. catA has been shown to be conidium specific to Aspergillus fumigatus and Aspergillus   FIG. 1 . Phylogenetic analysis of the C. neoformans catalases. The phylogenetic tree of fungal catalases and selected animal, protist, bacterial, and archaeal catalases is rooted with two plant catalases. Homologs were identified with BLASTP searches of C. neoformans Cat1, Cat2, Cat3, and Cat4 proteins against the nonredundant protein database from NCBI. A multiple sequence alignment was performed automatically with MUSCLE, and the tree was constructed via NJDIST and PROTML (available in MOLPHY). Numbers on branches indicate the bootstrap values produced by PROTML running with the -R option and starting with an input neighbor-joining tree calculated from NJDIST. Some bootstrap values were removed at the tips of the tree for clarity in visualizing the tree. There are four distinct clades of fungal catalases: clade P, the peroxisomal catalases; clade C, the cytoplasmic catalases; clade A, spore-specific catalases; and clade B, primarily secreted catalases. C. neoformans possesses catalases in three of the four clades. Construction of catalase mutant strains. Deletion mutant strains were created to assess the individual contribution of each of the C. neoformans catalases to antioxidant defense. Mutant strains were constructed via the allele-specific homologous integration of deletion constructs at the native locus of each of the four catalase genes. A single allele-specific integration of the cat1::URA5, cat2::NAT, cat3::URA5, and cat4:: URA5 deletion constructs at the CAT1, CAT2, CAT3, and CAT4 native loci disrupted each of these genes, deleting approximately 39%, 50%, 54%, and 74% of the Cat1, Cat2, Cat3, and Cat4 catalase domains, respectively (Fig. 2) . Southern blot analysis of genomic DNA from each strain confirmed that, in each case, a single allele-specific homologous integration event had occurred (Fig. 3) . With one exception (Fig. 3A) , only two bands appeared on the individual Southern blots. The 3.8-kb bands present in the lanes corresponding to the wild type and the cat1 mutant are due to cross-hybridization of the probe with the CAT3 gene. One of the two restriction sites required to generate the observed bands was deliberately chosen outside of the deletion construct. Mating reactions were performed to create catalase double, triple, and quadruple mutants, as described in Materials and Methods and shown in Table 2 . The genotypes of all of the catalase quadruple mutants were confirmed by PCR.
Catalase activity. Cell lysates were prepared from C. neoformans cat1, cat2, cat3, and cat4 mutant strains, from wildtype strain H99, and from Saccharomyces cerevisiae to assess the total catalase activity. Lysates (20 g total protein) were separated by electrophoresis on 7% polyacrylamide gels under nondenaturing and nonreducing conditions. Catalase activity was visualized by ferricyanide-negative staining as described previously by Wayne and Diaz (54) . As anticipated, two bands representing Cta1 and Ctt1 were observed in the lane containing lysate from S. cerevisiae (Fig. 4A) . Given that C. neoformans possesses four catalases, we anticipated that four bands would be present in the lane containing lysates from wild-type strain H99. However, we observed only one band (Fig. 4A ). This single band was present in lanes containing lysate from the cat2, cat3, and cat4 mutants (Fig. 4B) ; however, no activity was detected in the lane containing cell lysate from the cat1 mutant, suggesting that Cat1 was the only functionally active catalase detected under these conditions. Consistent with the results of our phylogenetic analysis, we were unable to detect secreted catalase activity from the conditioned supernatants of cultures for any of the mutant strains or for wild-type strain H99 (data not shown), demonstrating that C. neoformans does not possess a secreted catalase.
Although Cat2, Cat3, and Cat4 lacked detectable catalase activity in vitro, we were able to detect a transcript for each of the catalases by real-time quantitative PCR. However, none of the transcripts were elevated in the cat1 mutant strain relative to that in wild-type strain H99, suggesting that compensatory transcriptional activation of CAT2, CAT3, or CAT4 did not occur in the cat1 mutant strain (data not shown). We hypothesized that given the presence of transcript, Cat2, Cat3, or Cat4 might exhibit activities under appropriate growth conditions. To assess this possibility, we grew wild-type strain H99 in the presence of oxidative stress (hydrogen peroxide concentrations FIG. 3 . Southern blot analysis confirmed deletion of the native catalase alleles. (A to D) Genomic DNA was isolated from cat1, cat2, cat3, and cat4 mutant strains and wild-type strain H99 and used to perform Southern blot analysis, as described previously. Southern blot analysis confirmed that a single allele-specific integration event occurred at each catalase locus. As shown in Fig. 2 , restriction enzymes were chosen so that one of the two restriction sites used to digest genomic DNA was outside of the deletion construct. WT, wild type. of 0.25 mM and 0.5 mM) and at an elevated temperature (37°C). Similar to the previous results, we were unable to detect Cat2, Cat3, or Cat4 enzyme activity under these conditions (Fig. 4C) . Densitometry analysis of Cat1 bands revealed no major differences in the magnitude of catalase activity under any of these conditions, suggesting that Cat1 activity is not substantially regulated in response to exogenous oxidative stress or elevated temperature (Fig. 4C) .
Catalase mutant strains do not exhibit an oxidative-stress phenotype. C. neoformans possesses several well-characterized phenotypes that contribute to the virulence composite, including capsule synthesis, melanin production, and the ability to grow at 37°C. The cat1, cat2, cat3, cat4, and cat1 cat2 cat3 cat4 mutant strains were assessed to determine if these phenotypes were affected by the catalase gene mutations. We found no phenotypic differences between any of the catalase mutant strains and wild-type strain H99 with respect to these phenotypes (data not shown).
Catalases are an important component of the antioxidant defense systems of many bacteria, providing protection against the oxidative stress that results from exogenous and endogenous reactive oxygen species. To determine if this was also the case for C. neoformans, disc diffusion assays were performed to assess the susceptibilities of the cat1, cat2, cat3, cat4, and cat1 cat2 cat3 cat4 mutant strains and wild-type strain H99 to exogenous oxidative stress. None of the C. neoformans catalase mutant strains exhibited an increase in sensitivity to exogenous oxidative stress compared to that of wild-type strain H99 at 30°C or 37°C (Fig. 5) . The same results were observed independent of whether strains were treated with 8 or 16% hydrogen peroxide (Fig. 5) . In addition, none of the catalase double or triple mutant strains exhibited an oxidative-stress phenotype. These results were confirmed using liquid growth assays.
Although none of the individual catalase mutant strains exhibited increased sensitivity to exogenous oxidative stress, we could not rule out the possibility that catalase activity contributed to protection against endogenous oxidative stress. Reactive oxygen species are produced during beta-oxidation of short-, medium-, and long-chain fatty acids in the mitochondria and during beta-oxidation chain shortening of long-chain fatty acids in the peroxisome. We compared the abilities of the cat1 mutant and wild-type strain H99 to grow on a variety of carbon sources. Under these conditions, the dependency on betaoxidation and respiration for energy production would be expected to result in elevated levels of endogenous reactive oxygen species. We observed that the growth levels of wild-type strain H99 and the cat1 mutant were the same when Tween 20, Tween 40, Tween 60, Tween 80, oleic acid 735, oleic acid 73, and lignoceric acid were provided as the sole carbon sources (data not shown). Both strains utilized lignoceric acid and oleic acid 73 well as the sole carbon sources. However, Tween 20, Tween 40, Tween 60, Tween 80, and oleic acid 735 served as poor carbon sources for both strains. These results suggested that the loss of catalase activity does not impair the ability of C. neoformans to respond to changes in the steady-state concentration of endogenous reactive oxygen species.
Cat1 and Cat3 are not essential for mating. The assignment of CAT1 and CAT3 to the same clade (clade A) as the conidium-specific euascomycete catalase genes (43) suggested that they may participate in processes required for mating. We performed mating reactions to assess the contributions of Cat1 and Cat3 to mating and observed that the MAT␣cat1 ϫ MATa wild-type, MAT␣ cat3 ϫ MATa wild-type, and MAT␣ cat3 ϫ MATa cat1 strains were just as able to form mating structures and produce basidiospore chains as the MAT␣ ϫ MATa wildtype strain (Fig. 6A) . Unilateral crosses between either the cat2 or cat4 mutants and a wild-type mating partner resulted in normal mating structures and basidiospore chains (Fig. 6A ). In addition, there was no impact on mating in either the cat1, cat2, or cat3 mutant bilateral cross (Fig. 6B) . We did, however, observe a striking mating defect when both the mating partners were cat4 mutants. The majority of the hyphae resulting from the cross were embedded within the agar, in contrast to the result with wild-type crosses, in which abundant aerial hyphae produced basidia and basidiospores (Fig. 6B) . Although the amount of filament production was dramatically decreased in the cat4 mutant bilateral cross, a limited number of wellformed basidia and basidiospore chains were eventually produced. A decrease in mating was also observed when the MAT␣ cat1 cat2 cat3 cat4 mutant strain was crossed with the MATa cat4 mutant strain but not for crosses with the MATa cat1, MATa cat2, or MATa cat3 mutant strains (Fig. 6C) . These results suggest that Cat4, but not Cat1, Cat2, or Cat3, contributes to C. neoformans sexual differentiation. The cat1 and cat1 cat2 cat3 cat4 mutant strains are virulent in a murine model of cryptococcosis. Given that the cat1 and cat1 cat2 cat3 cat4 mutant strains did not exhibit oxidativestress phenotypes and completely lacked detectable catalase FIG. 5 . Catalase mutant strains do not exhibit an oxidative-stress phenotype. Sensitivity to oxidative stress was assessed by a disc diffusion assay. Sterile discs were saturated with 10 l of 8% (A and C) or 16% (B, D, and E) hydrogen peroxide. Plates were incubated at either 30°C (A and B) or 37°C (B, D, and E). No differences in the diameters of zones of inhibition were observed among any of the catalase mutant strains compared to that of the wild-type (WT) strain. Results represent mean values Ϯ the standard errors of the means for three or more experiments.
activity in vitro, we predicted that they would not exhibit virulence defects in mice. To test this hypothesis, 10 A/Jcr mice were infected by intranasal inoculation with 5 ϫ 10 5 CFU of cat1 or cat1 cat2 cat3 cat4 (two independent mutant strains) mutant strains or wild-type strain H99. By day 25 of infection, all infected mice succumbed to infection, with no significant differences in the mean times to mortality (P Ͼ 0.05) between any of the groups of mice (Fig. 7) .
DISCUSSION
Numerous attributes collectively contribute to the success of pathogenic microorganisms in the host environment. One such attribute is the ability to resist damage by ROS elicited by host effector cells that contribute to the innate immune response. This resistance can be accomplished in a number of different ways, including the production of factors that prevent host effector cells from eliciting an oxidative burst, the possession of nonenzymatic antioxidants (such as melanin and mannitol), and the utilization of enzymatic antioxidants (such as catalases, superoxide dismutases, and various peroxidases) to degrade ROS. The complexity of the antioxidant defense system is illustrated by the retained ability of many C. neoformans mutants with antioxidant defense defects to cause morbidity and mortality in a manner undistinguishable from that of wild-type strains (20, 36) . C. neoformans can colonize the lung, which suggests that it possesses adequate antioxidant defenses to overcome the oxygen-dependent killing mechanisms of alveolar macrophages (14, 15, 29, 30, 42, 50, 52) and other host phagocytes. Indeed, a number of studies have reported correlations between resistance to oxidative stress in vitro and virulence in a murine cryptococcosis model (2, 6, 56) .
In the present study, we utilized a bioinformatics approach to identify and characterize all four members of the C. neofor- Wild-type MAT␣ and cat1␣ and cat3␣ mutant strains were each cocultured with a MATa wild-type tester strain on V8 mating medium. In addition, the cat3␣ mutant strain was cocultured with the cat1a mutant strain. (B) Cat4 appears to contribute to the sexual differentiation of C. neoformans. MAT␣ and MATa pairs of each catalase mutant strain were cocultured on V8 mating medium. (C) A quadruple catalase mutant is not impaired for sexual differentiation. The MAT␣ quadruple strain was cocultured with each MATa catalase mutant strain on V8 mating medium. Plates were incubated for 2 weeks. Representative crosses were photographed at a magnification of ϫ90. (5, 44) . Our results suggest that C. neoformans possesses a robust and redundant antioxidant defense system. Our phylogenetic analysis provides insight into the history of the fungal catalases. As shown in Fig. 1 , it appears that there are four distinct clades of fungal catalases and that C. neoformans possesses catalases in three of the four clades. The peroxisomal catalases form clade P, cytoplasmic catalases form clade C, spore-specific catalases form clade A, and clade B is made up primarily of secreted catalases. We interpret the catalase gene tree by first studying the species phylogeny of the three major fungal groups as shown in Fig. 1 : basidiomycetes (C. neoformans, C. cinereus, and P. chrysosporium), euascomycetes (A. fumigatus, A. nidulans, N. crassa, F. graminearum, M. grisea, and P. anserina), and hemiascomycetes (S. cerevisiae, Kluyveromyces lactis, A. gossypii, and C. albicans). We observe both basidiomycetes and euascomycetes in clades P, C, and A of the catalase gene tree, suggesting that these three catalase clades were present at least as recently as the fungal ancestor. This interpretation further suggests that ancestral fungi possessed spore-specific, peroxisomal, and cytoplasmic catalases. The observation that clade B catalases have members only from the euascomycetes suggests either that the secreted catalases arose by duplication and divergence from the sporespecific catalase or the less parsimonious possibility that this form of catalase was lost independently from the hemiascomycetes, basidiomycetes, and Schizosaccharomyces pombe. Evaluation of the clade A members suggests that the spore-specific catalase was lost twice, once from the S. pombe lineage and once from the hemiascomycete ancestor.
Using this approach to evaluate the phylogenetic relationships of the genes across the fungi allows us to hypothesize a function for each of the four C. neoformans catalases. This approach, often-dubbed "phylogenomics" (13) , is more robust than assigning a function based on the most similar gene identified through BLAST analysis. As shown in Fig. 1 , clade P contains several peroxisomal catalase genes, such as the A. nidulans CATC gene (26) and the S. cerevisiae CTA1 gene (48) . We can assign a putative peroxisomal function to C. neoformans CAT2 since it also was found in clade P. Similarly, the C. neoformans CAT4 gene is likely a cytosolic catalase gene due to its presence in clade C, which contains the S. cerevisiae cytosolic catalase gene CTT1. The presence of CAT1 and CAT3 in clade A, which contains the conidium-specific A. fumigatus and A. nidulans euascomycete catalase genes (43) , suggested that they might participate in spore-related processes, such as germination. However, a preliminary analysis of the CAT1 and CAT3 promoter regions did not indicate the presence of significant shared motifs. Without observable phenotypic data for CAT3, related to Cat3 function, it is difficult to define unique functions for Cat3 compared to those of Cat1, the only C. neoformans catalase with detectable in vitro activity. These findings are surprising given that these paralogs are 85% sim-FIG. 7. Cat1 activity is not required for virulence. Groups of 10 A/Jcr mice were anesthetized by intraperitoneal injection of pentobarbital and infected with 5 ϫ 10 5 CFU of cat1 (A) and cat1 cat2 cat3 cat4 (B) mutant strains (two independent mutants) and wild-type strain H99. All mice infected with the catalase mutant strains and wild-type strain H99 succumbed to infection and died by day 25. The absence of differences in the mean times to death demonstrates that catalase does not contribute to the virulence composite. ilar at the protein level. Clade B is composed of the secreted CATB catalase genes from fungi such as A. fumigatus and Histoplasma capsulatum (24, 25) . The absence of a C. neoformans catalase gene from this clade is consistent with our in vitro results, since we were unable to detect any secreted catalase activity for C. neoformans culture supernatants. Furthermore, our phylogenetic analysis suggests that only the euascomycete fungi will possess secreted catalases.
Based on our phylogenetic analysis, we predicted that the cat1 or cat3 mutant might exhibit a mating defect. Although we did not detect mating defects or diminished spore viability in strains resulting from unilateral or bilateral crosses between the cat1 or cat3 mutant strain, we did observe decreased filament production in a strain resulting from the cat4 mutant bilateral cross. Our phylogenetic analysis predicts that Cat4 is likely a cytosolic catalase. These observations suggest that some catalase-related event, such as compartmentalized oxidative stress, might contribute to C. neoformans sexual differentiation. The absence of mating defects in strains resulting from cat1 mutant unilateral and bilateral crosses, along with the observation that Cat1 appears to be constitutively active, suggests that the function of Cat1 may have become specialized in C. neoformans compared to that in related fungi. Although C. neoformans can undergo sexual reproduction, C. neoformans populations in the environment are largely clonal, consisting predominantly of MAT␣ strains, which suggests that mating in the environment is probably a rare event (31) . It is possible that Cat1 initially provided specialized antioxidant defense during processes involved in mating, such as spore production or germination, but that an evolutionary shift away from sexual reproduction resulted in Cat1 being co-opted to provide antioxidant defense during vegetative growth. It is equally plausible that the presence of several other gene families that encode antioxidants, including the glutathione peroxidases, thioredoxin peroxidases, and the cytochrome c peroxidase, provide redundant and compensatory antioxidant defenses against hydrogen peroxide.
The absence of detectable oxidative-stress phenotypes for any of the C. neoformans catalase mutants is consistent with the results of similar studies of Saccharomyces and Aspergillus. Saccharomyces cta1, ctt1, and cta1 ctt1 mutant strains exhibited growth rates and susceptibilities to hydrogen peroxide under exponential growth conditions that were similar to those of the wild-type strain (23) . Furthermore, A. fumigatus mutant strains lacking the conidial catalase (CatA) or the mycelial catalases (Cat1 and Cat2) exhibited slight susceptibilities to oxidative stress in vitro compared to that of the wild-type strain but exhibited no significant virulence defect in vivo (44) . Similar results were also observed for A. nidulans: catA, catB, and catA catB mutant strains were just as virulent as the wild-type strain in a murine model of chronic granulomatous disease (5) . In contrast to these studies, it was reported that a C. albicans cat1 mutant strain exhibited an oxidative-stress phenotype in vitro and a virulence defect (39, 55) . However, reconstitution of the mutant strains with CAT1 did not restore resistance against oxidative stress, so the role that the catalase plays in the antioxidant defense of C. albicans remains to be clarified.
Indeed, the role of catalase in antioxidant defense for many of these fungi is enigmatic, given that the loss of catalase activity does not correlate with oxidative stress or developmental defects. One interpretation of these results is that the catalases function interchangeably with other constituents of the antioxidant defense systems as part of a robust and multipronged response to oxidative stress. For example, in Saccharomyces, it has been reported that the mitochondrial cytochrome c peroxidases (Ccp1) and the cytoplasmic catalase (Ctt1) exhibit interchangeable and compensatory antioxidant activities (35) . Furthermore, glutathione has been reported to exhibit an antioxidant defense that overlaps with that of catalases in S. cerevisiae (21) . S. cerevisiae mutant strains lacking glutathione (gsh1) or glutathione reductase (glr1) exhibited increased sensitivity to hydrogen peroxide (21) . Glutathione and glutathione reductase mutant strains that lacked catalases (cta1 ctt1 glr1 and cta1 ctt1 gsh1 strains) exhibited even more severe oxidative-stress defects (21) .
The presence of redundancy in the antioxidant defense system provides a plausible explanation as to why the loss of many of the individual components of the C. neoformans antioxidant defense system does not result in reduced cell viability or developmental defects. Potential elements that would create redundant layers of antioxidant defense include cytochrome c peroxidase (CCP1) (20) , the catalases (CAT1, CAT2, CAT3, and CAT4), the thiol peroxidases (TSA1, TSA3, and TSA4) (37) , the glutathione peroxidases (GPX1 and GPX2) (36) , alternative oxidase (AOX1) (2), Cu,Zn superoxide dismutase (SOD1) (6, 40) , and Mn superoxide dismutase (SOD2) (19, 41) . Among these potential antioxidant defense proteins, only mutations of the AOX1, CCP1, SOD1, SOD2, TSA1, GPX1, and GPX2 genes are associated with increased susceptibility to extracellular oxidant stress (2, 7, 19, 20, 36, 37, 40, 41) . Additionally, only the AOX1, SOD1, SOD2, and TSA1 mutants are attenuated for virulence in animal models (2, 6, 19, 37) . That the catalase gene family is not required for the virulence of C. neoformans reinforces the concept that these varied proteins create a complex and partially redundant system for antioxidant defense of this human fungal pathogen.
